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Rotating Disk Electrode 
P. K. Adanuvor and R. E. White* 
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 
ABSTRACT 
The  electrochemical reduction of oxygen in IM  NaOH solution is simulated at a rotating disk electrode. Steady-state 
polarization curves are presented for possible reaction schemes  for the reduction process. The  effect of changes  in the ki- 
netic parameters on the polarization curves is demonst rated  and  special attention is focused on the product ion of hydro- 
gen peroxide. 
The e lec t rochemica l  reduct ion  of oxygen is of  spec ia l  
s ign i f i cance  in e lec t rochemica l  techno logy .  It  fo rms the  
bas is  of  e lec t rochemica l  combust ion  and  so far, it has  
been one of the  most  p romis ing  methods  for d i rect  con- 
vers ion  of chemica l  energy  into e lectr ical  energy.  It  has  
there fore  become the  focus of extens ive  research,  part ic-  
u lar ly  in re lat ion  to fuel cells (1). This  react ion  also plays 
a spec ia l  ro le in the  cor ros ion  of  meta ls .  Other  areas in 
wh ich  the  react ion  has  a t t racted  specia l  a t tent ion  are the 
product ion  of hydrogen perox ide  for use in the pu lp  and  
paper  indust ry  (2), the  deve lopment  of oxygen depolar i -  
zer cathodes  for the  rep lacement  of hydrogen generat ing  
cathodes  in the chlor-a lkal i  ndust ry  (3), and  the extrac-  
t ion  of oxygen f rom air (4). 
Cathod ic  reduct ion  of  oxygen is a complex  e lectro-  
chemica l  p rocess  that  can  proceed a long  two react ion  
paths ,  accord ing  to the  nature  of  the  e lec t rode  mater ia l  
and  react ion  cond i t ions ,  as expressed  by  (i) a d i rec t  4e- 
react ion,  descr ibed  by the  overal l  equat ion  
02 + 2H~O + 4e- = 4 OH-  U, ~ = +0.401V [1] 
or by  (ii) two consecut ive  2e- s teps  wh ich  can  be ex- 
p ressed  by  the  equat ions  
02+H~O+2e =HO2 +OH-  U~ ~ [2] 
HO~ + H20 + 2e- = 3 OH U3 ~ = +0.867V [3] 
D i rect  4e- reduct ion  of oxygen as expressed  in Eq. [1] is 
known to occur ,  at least  in part ,  on e lec t rodes  made of  
nob le  meta ls  and  pyro lyzed  t rans i t ion  meta l  
macrocyc l i cs  (5-7). The  2e- reduct ion  of  oxygen by  Eq. 
[2], p roceed ing  w i th  the fo rmat ion  of perox ide  as a s tab le  
in termed ia te ,  occurs  on mercury  and  some carbon  elec- 
t rodes  (8, 9). With nondoped low ash carbons ,  and  in the 
absence  of  any  o ther  catalysts ,  perox ide  concent ra t ions  
as h igh  as 1M are a t ta inab le  (10). The  perox ide  in termedi -  
ate can  undergo  fu r ther  e lec t rochemica l  reduct ion  as 
shown by  Eq. [3], espec ia l l y  at h igher  va lues  of the  ap- 
p l ied potent ia l .  On the other  hand,  the  perox ide  in terme-  
d iate may not  be a s tab le  product  on some e lect rode ma- 
ter ia l s  and  can  spontaneous ly  decompose  to fo rm 
oxygen accord ing  to the  equat ion  
2HO2- = 2 OH-  + O5 hG~ = -184.09 k J /mo l  [4] 
Th is  react ion  has  been known to occur  on s i lver and  plat- 
inum e lec t rodes  (11, 12). When both  the  d i rec t  4e- pro- 
cess and  the  consecut ive  2e process  occur  on the  same 
e lec t rode ,  the  reduct ion  process  is sa id to invo lve  the  
para l le l  mechan ism.  Oxygen reduct ion  occurs  by  the  
para l le l  mechan ism on p la t inum wi th  the  d i rec t  4e- re- 
duct ion  predominant  in the  absence  of impur i t ies  (5). 
Depend ing  on the  nature  of the  e lec t rode  mater ia l  and  
the  operat ing  env i ronment  and  cond i t ions ,  var ious  
para l le l - consecut ive  combinat ions  are poss ib le .  
Perox ide  in termed ia te  fo rmat ion  in the  reduct ion  of 
oxygen is of v i ta l  impor tance  in the eva luat ion  of the  per- 
fo rmance  of  e lec t rocata lys ts  for  the  oxygen cathode .  In  
some app l i ca t ions  such  as O Ja i r -cathodes  in fuel  cel ls,  
*Electrochemical Society Active Member. 
the perox ide reaction is undesirable because  it leads to a 
reduct ion  in the operat ing cell efficiency. Perox ide  also 
has a tendency  to accelerate the oxidation of the catalyst 
and  its support  leading to early electrode failure. In other 
cases, the perox ide  may be the desired end  product  in 
the e lectrochemical  reduct ion of oxygen (2, 9). O f  pri- 
mary  impor tance  is the decompos i t ion  of perox ide by  re- 
action [4]. This reaction is catalyzed by  many substrates, 
the most  effective being silver and  p la t inum black. This 
reaction is e lectrochemical ly  unproduct ive  but  can be 
very  useful in suppress ing  the perox ide  concentrat ion  
fo rmed at the electrode. Knowledge  of the fraction of the 
total current invo lved in perox ide  generat ion and  the 
role of catalytic decompos i t ion  of perox ide are of special 
impor tance  in electrokinetic studies of the oxygen elec- 
trode. Otherwise,  it will not be possible to construct  
mean ingfu l  current-potential plots and  to interpret them 
properly. 
Mc ln tyre  (13, 14) deve loped  a s imple  mode l  at the 
rotating disk electrode (RDE)  to elucidate the kinetics of 
an  oxygen electrode reaction in wh ich  perox ide  is 
fo rmed as an intermediate reduct ion product  that under-  
goes  a surface catalyzed decompos i t ion .  B lu r ton  and  
McMul l in  (15) applied McIntyre's  mode l  to elucidate the 
role of hydrogen perox ide in the reduct ion of oxygen on  
p la t inum and to analyze and  measure  the effect of perox- 
ide decompos i t ion  on  the limiting current. App leby  and  
Savy  (16) derived kinetic equat ions for oxygen reduct ion 
reactions involving catalytic decompos i t ion  of hydrogen 
perox ide  w i th  direct appl ication to porous  and  rotating 
ring disk electrodes. D iagnost ic  criteria based  on  the 
rotating ring disk electrode (RRDE)  techn ique have  been  
deve loped  to dist inguish between the consecut ive  and  
parallel pathways  for oxgyen reduct ion and  to elucidate 
the mechan isms of the reduct ion process (17-19). Re- 
cently, Jakobs  et al. (20) extended the theory of the 
RRDE to oxygen reduct ion at po lypyrro le  electrodes in 
the case where  substantial amounts  of hydrogen perox-  
ide are present in the bu lk  of the electrolyte. Wi th  the ex- 
cept ion of Mc Intyre 's  s imple  mode l  (13, 14) wh ich  pro- 
v ides analytical express ions  to generate  current/ 
potential curves  for a single electrode reaction and  for 
consecut ive  electrochemical  reactions coup led  to a sur- 
face catalyzed chemica l  regenerat ive reaction, other 
mode ls  have  dealt more  or less with analysis of the role 
of intermediates, wi th provision of diagnostic criteria to 
distinguish between the various reaction pathways ,  and  
wi th  the elucidation of the reaction mechan ism for oxy- 
gen  reduction. What  these mode ls  are lacking is the capa- 
bility to s imulate the complex  sys tem of reactions of 
oxygen and  the ability to predict the behavior  of this sys- 
tem under  various condit ions of practical interest. In en- 
g ineer ing applications, it is often necessary  to predict 
the behavior  of complex  electrochemical  systems by  de- 
ve lop ing  suitable mathemat ica l  mode ls  to s imulate im- 
portant features of the sys tem over a w ide  range of a 
given variable. In this way,  much more  mean ingfu l  eval- 
uat ion of the sys tem can be made and  a better under -  
standing of the processes taking place can be gained. 
In this paper, we  simulate the complex  sys tem of reac- 
tions for oxygen reduct ion in alkaline electrolytes us ing 
1093 
Downloaded 13 Jun 2011 to 129.252.106.227. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
1094 J. E lect rochem.  Soc.: ELECTROCHEMICAL  SC IENCE AND TECHNOLOGY May 1987 
the  genera l  mode l  deve loped  prev ious ly  for e lectro-  
chemica l  react ions at the RDE (21) to obta in steady-state 
cur rent /potent ia l  curves  that  represent  the var ious  
mechan is t i c  pathways  for the oxygen cathode.  The effect  
of changes  in the k inet ic  parameters  on the s imu la ted  
po lar izat ion  curves  is demonst ra ted  and spec ia l  atten-  
t ion is focused on the product ion  of perox ide  and on the 
role of  unwanted  s ide react ions  on the product ion  
process.  
Model Equations 
Under  s teady-s ta te  cond i t ions  the  mater ia l  ba lance  
equat ion  for species i w i th in  the di f fus ion layer of a RDE 
is given by (21) 
Di  z iu iF  ~D 2 
- - c~"  + 3~ 2 c~' + [ciq)" + c~(I)'] + R~ = 0 
DR DR DR 
[5] 
where  the pr imes  denote differentiation with respect to 
and  the R~ term denotes the rate express ion for the pro- 
duct ion of species i by  a homogeneous  reaction. For  the 
oxygen electrode, R~ is assumed to be zero since the rate 
of decompos i t ion  of perox ide  in solution is relatively 
s low (22). The  electroneutrality condit ion 
E zici = 0 [6] 
i 
completes  the set of equat ions  needed to solve for the c~ 
and (P unknowns .  The boundary  cond i t ions  in the  bu lk  
so lut ion and at the e lectrode surface are, respect ively ,  at
= 2 c~ = c~.~ and ~I ) : (:])re [7] 
and 
m 
s~,j ij 
-N i  ~=0 = '= ~ + si'4rs [8] 
where  r~ is the catalytic rate of decompos i t ion  of perox-  
ide at the  e lec t rode  sur face and m is the  number  of  
charge- t ransfer  react ions occurr ing at the e lectrode sur- 
face, s~.j is the sto ich iometr ic  coeff ic ient of species i, and 
nj the number  of e lectrons t ransferred in react ion j, when 
wr i t ten  in the form 
E s~jM~ ---> n f -  [9] 
i 
Kinet ic  equat ions . - -The k inet ic  rate equat ions  for the 
e lec t rochemica l  react ions at the e lectrode surface are ap- 
p rox imated  by the But ler -Vo lmer  express ion  for the cur- 
rent  dens i ty  
f, = Zoj[exp~ R~-  expk-~-~, ) j  [10] 
where  
"~j = t~me t - -  (I)re - -  ((I) o - -  ( I)re) - -  U j , re  f [11] 
The concent ra t ion  dependence  of the  exchange cur rent  
dens i ty  is expressed  as 
ioj = ~oJ,ref - -  [12] 
9 k Ci . ref  / 
where  the exponents  take the values 
(~cJZij 
~i J -%+- -  [13] 
nj 
w i th  q~ = - s~j for a cathod ic  reactant  and zero for an 
anodic  reactant.  Also, the apparent  t rans fer  coef f ic ients  
for react ion  j sum up to the number  of e lec t rons  
t rans fer red  in that  reaction, that  is 
~ j  + ~r = nj [14] 
The open-c i rcu i t  potent ia l  of  react ion  j at the re ference  
concent rat ions  relative to a s tandard  re ference lectrode 
of a g iven k ind is expressed  as 
RT E s~jln ( Ci,ref I
U~,~f= Uj ~  Ur~ ~ n~ i \ Po / 
+ nre~ Sij In [15] 
\ Po / 
The total current  dens i ty  is the sum of the partial  current  
dens i t ies  
i = ~_~ ij [16] 
J 
The catalyt ic  rate of decompos i t ion  of  perox ide  at the 
e lectrode surface is expressed  as 
r~ = - khc%o2 .o [17] 
where  the react ion order, p, can be a f ract ion or a whole  
number  (11, 23) and where  the rate constant  kh is as- 
sumed to be independent  of the appl ied potent ial .  
The set of govern ing  equat ions  ub jec t  to the g iven 
boundary  cond i t ions  can be so lved numer ica l ly  as de- 
scr ibed previous ly  (21) to yield the values for ci and q) and 
thus,  for C~,o and q)o f rom wh ich  the react ion rates at spec- 
if ied va lues  of the app l ied  potent ia l ,  Eap,j (where  Ea,,, = 
(Pmet - (Pre) can be determined.  The net  current  dens i ty  is 
the sum of the partial  current  densi t ies  as expressed  by 
Eq. [16]. 
Results and Discussion 
Table I is a l ist of  parameter  values used  to s imulate  
the  e lec t rochemica l  reduct ion  of oxygen in 1.0M NaOH 
solut ion at 25~ Dif fusion coeff ic ient and solubi l i ty data 
for 02 in KOH (24, 25) were  used  s ince l i terature  values 
for NaOH were not  readi ly available. The s imulat ion was 
carr ied out for (i) the overal l  react ion scheme for the re- 
Table I. Parameter values for simulating the polarization curves for 02 reduction 
Parameters Reaction [1] Reaction [2] Reaction [3] Reaction [4] 
acj 0.5-1.5 0.8-1.6 0.10-0.20 
ioj. ref (A/cm 2) 10-s-10 -'4 10-6-10 -'2 I0 8-10 ,4 
U? ~ (V) 0.401 -0.0649 0.870 
n, 4 2 2 
kh (cm/s) 10 6-104 
Solution properties O~ HO2- Na + OH- 
cj. rer (mol/cm 3) 8.34 • 10 -7 1.377 x 10 -'4 0.001 0.001 
Di (cm2/s) 1.79 x 10 -5 5.00 • 10 -~b 1.975 x 10 -.~r 1.200 • 10 -'~~ 
F = 96,487.0 C/mol T = 298.15 K po = 0.001 kg/cm 3 ~ = 3600 rpm v = 0.012 cm2/s 
R = 8.314 J/K-mol 
a Values taken from (28). 
b Values taken from (29). 
r Values taken from Table 75-1 (30). 
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-3,0 
d ~. 
o 
~z.o 
~ 0 x l  0-~A/cm 
I ] / / I z a~ =1.40, i:;'.:;;:l.Oxlo A/era 
I / / / / o ~<~LeO. i~L;;=LOx~O-'A/o~ 
_,.o 
0.o ~- 
-o.1 -0.2 -0.3 -0,4 -0.5 -O,B -0.7 -O.fl -0.9 
Eappl ' VS SCE(V) 
Fig. 1. Oz reduction to stable HOz species at ~ = 3600 rpm 
duction of Ox as given by Eq. [1], [2], [3], and [4], (ii) the 
parallel mechanism without peroxide decomposit ion, 
given by Eq. [1], [2], and [3], (iii) the consecutive mecha- 
nism with and without peroxide decomposition given by 
Eq. [2], [3], and [4] and Eq. [2] and [3], respectively, (iv) 
the direct 4e- mechanism given by Eq. [1] and the perox- 
ide step, Eq. [2]. The results are presented below. 
02 reduction to peroxide: O~ + H~O + 2e- = HO~- + 
OH . - -Figure 1 i l lustrates the case where peroxide is 
formed as an end product without undergoing further 
decomposition. A change in the kinetic parameters (io~.~f 
and ar for this reaction leads to a shift in the half-wave 
potential. A decrease in io2.~r, or a~2 shifts the half-wave 
potential  further in the negative direction. The more 
cathodic the half-wave potential, the slower the rate at 
which limiting current conditions i  attained. It must be 
borne in mind that the apparent transfer coefficient aa) or 
ac~ affects the slope of the rising portion of the polariza- 
tion curve (the Tafel region), while the exchange current 
density affects the slope of the linear region in the vicin- 
ity of the open-circuit potential. The direct 4e- process 
for O: reduction is exactly analogous to the 2e reduction 
of O2 to HO2- presented here; the only exception is that 
the l imit ing current density of the former is twice the 
magnitude of the latter. 
O~ reduction to HOc with catalytic decomposition of
HO( . - -  
O~+H~O+2e-=HO~ +OH-  
P pHO~ =~-O~+pOH-  
Figure 2 shows the effect of catalytic decomposition f 
peroxide on the reduction of O: to HO2-. This situation 
-6.0 
. •  -4.0 
0~ -2.0 
[2 . . -  O [2 
/ 
/ 
)( )( )( 
, . . . .  
/ - -  
D ~ 
0 .0  ~ I , I 
-0.1 -0.2 -0.3 -0.4 -0.5 
Eappl" VS SCE(V) 
Fig. 2. O~ reduction to H02-  with catalytic regenerative reaction. 
Comparison to the direct 4e- process. Simulation parameters: io2.ref = 
1.0 x l 0 -s A/cm z, ct~2 = i .20 for 2e-  process, and ioz,r~f = 1.0 X 10 -~ 
Mcm '~, txel = 1.00 for 4e process, f l  = 3600 rpm. 
4e- process 
2e process 
kh=l.0xl02cm/s 
kh=l.0xl0-2cm/s 
kh=l.0xl0-6cm/s 
I I 
-0.6 -0.7 -0.8 
-4.0 
~2 
-2.0 
,.g 
[ / / ~ r ~ f = L  0xl 0-!A/cm~ 
II I I I    =l'OxlO-!A/om2  
I l l  II 
J J /  " a i:=0'80' i~ = t "0X 10 -%/crn z* ' ,~ I , 
0.0 0.0 : "~ ~-~.4  " ' -0.0 1.2 -t.6 
Eappl" vs SCE(V) 
Fig. 3 .02  reduction to OH-  via the two-step 2e-  series mechanism. 
Effect of io2,~er and c~a2 on the polarization curves. Simulation parame- 
ters: io~,r~f = 1.0 • 10 -12 A/cm 2, ace = 0.15, D, = 3600 rpm. 
normal ly occurs on carbon electrodes with a peroxide 
decomposit ion catalyst. First-order decomposit ion ki- 
netics were assumed, although other orders (half and 
second) give similar esults. At low peroxide decomposi- 
tion rates, the decomposition process is too slow to cause 
any noticeable effect on the polarization curves, in which 
case, much of the peroxide could be lost to the solution 
by diffusion. As the decomposition rate increases, there 
is an increase in the l imit ing current density. At a very 
high peroxide decomposit ion rate kh -> 10 ~, the l imit ing 
current becomes equal to that of the direct 4e- process 
shown by the dashed curve. Under this condition, the 
peroxide decomposes very rapidly, possibly before it 
desorbs from the ~urface to diffuse into the solution. 
These results indicate that in cases where the 4e- reduc- 
tion of oxygen is the desired reaction, a good peroxide 
decomposit ion catalyst on a suitable substrate such as 
carbon, where the 2e process occurs, can accomplish 
the same results. 
02 reduction to H02- with electrochemical reduction of 
HO2-.--(series or consecutive process) 
02 + H20 + 2e- = HO2- + OH 
HO2-+H20+2e =3OH- 
The two-step reduction of oxygen to OH- via peroxide 
intermediate commonly occurs on carbon electrodes at 
high overpotential values. Figures 3 and 4 present the po- 
larization curves for this two-step model. The values of 
the kinetic parameters dictate the extent of coupling of 
the two reactions and thereby determine whether one or 
two l imit ing current regions are observed. In Fig. 3, the 
effect of changes in the kinetic paramters for reaction [2] 
on the polarization curves appears to be l imited to the 
less negative potential regions. On the other hand, 
changes in the kinetic parameters for reaction [3] extend 
-4.O 
o a~a=0.15, io3 f=l.0xl0-'~ 2 
~, . . . .  ~ ac~=0"20, io~ o =l.OxlO_,ZA/ern~ . re -12 2 
u ape=0.15, t a r =l'0xl0 A/era 
-~ a ~=0.I0, i aF~r=l.OxlO-~2A/crn 2 
aea=O.15, i o3~t=l .Ox l  O-J4 A /c ln  2 
o.o z ~ i i i 
o.o -o 4 O.B -1.2 -1.6 
Eappt ' vs SCE(V) 
Fig. 4. 02 reduction to OH- via the two-step 2e- series mechanism. 
Effect of io,,m and r on the polarization curves. Simulation parame- 
ters: io2,~a = 1.0 • I0  -s A/cm 2, (xr = 1.20, D, = 3600 rpm. 
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over the whole range of the potential region, Fig. 4. This 
results in polarization curves characterized by a single 
wave with one limiting current region at lower values of 
ac~ or io~.r~f, tWO l imiting current regions at intermediate 
values of these parameters and another limiting current 
region at high values of the parameters, corresponding 
respectively to the reduction of 02 to peroxide by reac- 
tion [2], the reduction of O~ to OH via peroxide interme- 
diate, reactions [2] and [3], and the direct reduction of O~ 
to OH- by reaction [1]. 
O~ reduction to HO~- with both catalytic and electro- 
lytic decomposition of HO~ .--(consecutive mechanism 
with a catalytic regenerative r action) 
02+H~O+2e-=HO~ +OH-  
HO:- + H20 + 2e- = 30H-  
P pHO2 =~-O~+pOH-  
This case is similar to thecase in Fig. 2 where no elec- 
trolytic decomposit ion ofperoxide occurs. As shown in 
Fig. 5, the increase in the catalytic rate of decomposition 
of peroxide results in an enhancement of the l imit ing 
current in the region where peroxide is generally pro- 
duced (-0.35 to -0.8V). At very high rates of peroxide de- 
composition, the limiting current density of the two-step 
model essentially coincides with that of the one-step direct 
4e- model. 
Parallel mechanism without catalytic decomposition 
of peroxide.-- 
02 + 2H20 + 4e- = 4 OH- 
02 + H20 + 2e- = HO~- + OH- 
HO2-+2H~O+2e =3OH 
This mechanism demonstrates the case where the di- 
rect 4e- process and the two-step 2e- process are 
compet ing for the 02 species at the surface of the elec- 
trode. At certain values of the kinetic parameters, reac- 
tion [1] dominates the competit ion for 02 at the elec- 
trode. Consequently, the fraction of O~ going through the 
peroxide step by reactions [2] and [3], will be small com- 
pared to the former case. The direct 4e- process will pre- 
vail and as shown in Fig. 6-8, a single plateau correspond- 
ing to the l imiting current density of the 4e process is 
observed. On the other hand, if reaction [2] dominates 
the competi ton for O~, the two-step 2e- process is l ikely 
to prevail, result ing in a polarization curve with a limit- 
ing current density corresponding to the 2e- process at 
lower values of the applied potential and possibly an- 
other l imiting current density plateau corresponding to
the 4e- process at higher values of the applied potential. 
Between these two extreme cases, polarization curves 
corresponding to the simultaneous part icipation of the 
direct 4e- process and the two-step 2e- process are ob- 
-40 
-2.0 
9 k h =5.0x l  0 -~crn /s  
[ c kh=l .0x l0 -Zcm/s  
1 kh=0 Ccrn /s  & 
o.o = / ' , 
0 0 -0.4 -0.8 -1.2 -1 6 
Eappl" vs  SCE(V) 
Fig. 5. O~ reduction to OH-  vio the two-step 2e-  series mechanism 
with catalytic regenerative reaction. Simulation parameters: io2,ref  = 
1.0 • 10 s A/cm ~, ~r = 1.20, ios,r~f = 1.0 • 10 -1~ A/cm ~, c~ = 0.15, 
= 3600 rpm. 
-4O 
"i : ~  4 '~ ~ ~ , ~ x l O - S A / e m  2 "~ c o re -L2 2 
~ -e.O ~ ~ a - -~ ' r * t= l '0x lO-~A/em2 
ct =1.30,  I = l .0x l0  A /ern  
c~ l= l .00 ,  i t t= I '0X10- I~ 
. - l l  2 
o( t=l .O0,  i t r = l '0x l0  A /cm & ~ c o re  
9 -m z 
~.~ a t=l .O0,  lo~, : l .0x l0  A /cm 
d 
o. -0.4 -o 0 -1.2 -1.6 
Eappl" vs  SCE(V) 
Fig. 6 .02  reduction to OH- via the parallel mechanism without HO~- 
regenerative reaction. Effect of iol,ref and cql on the polarization 
curves. Simulation parameters: io2,,.~f = 1.0 • 10 s A/cm 2, ar = 1.20, 
io~.r~f = i .0 • 10 -~ A/cm ~, c~e~ = 0.1 S, ~ = 3600 rpm. 
-4.O 
-2.0 / t /  / * a2 - - '2~r~ =l '0x l0 -~A/cm~ o re -8 
/ / /  ~ ~ C%2=1'2 '0 io2,~f=LOxlO-SA/cr~ .o r -a 2 
I I I  I ~=~4~ 
o.o ~ ~  = . , "o re = . - 2 
o.o -0.4 -0.8 -1.2 -1.6 
Eappl" vs  SCE(V) 
Fig. 7. O2 reduction to OH-  via the parallel mechanism without HO2- 
regenerative reaction. Effect of io2,m and c%2 on the polarization 
curves. Simulation parameters: iol.ref = 1.0 • 10 -12 A/cm 2, c~ = 1.00, 
io3,m = 1.0 • 10 -12 A/cm 2, cq3 = 0.15, ~ = 3600 rpm. 
-4 0 
-~ o II 9 ~ = ~  :L~176176 ] e . o re - lz  e 
I c o r - lz 2 
r .o re  -14  2 
o.0 9 
0.0 -0.4 -0.6 -1,2 -1,6 
Eappl ' vs  SCE(V) 
Fig. 8 .02  reduction to OH-  via the parallel mechanism without HO2- 
regenerative reaction. Effect of io3,ref and C~c3 on the polarization 
curves. Simulation parameters: iol,ref = 1.0 • 10 -12 A/cm 2, ~,.1 = 1.00, 
io2,ref = 1.0 X 10 -8  A/cm 2, ~cl = 1.20, ~ = 3600 rpm. 
served. A t  certain values of the kinetic parameters ,  a 
hump is observed  in the polarization curves at interme- 
diate regions of the appl ied potential as demonst ra ted  in 
Fig. 6 and  7. A close scrutiny of the kinetic parameters  in- 
dicates that the humps occur when io~,ref and io2,ref a re  
about the same order of magnitude. In other words, 
humps occur when reactions [1] and [2] compete for the 
O5 species at the electrode at nearly the same rate. To un- 
derstand further the phenomenon of hump formation, 
we examine the partial current density plot for a typical 
case in Fig. 6 where a hump is observed. The plots are 
displayed in Fig. 9. At lower values of the applied poten- 
tial, O~ is reduced mainly through reaction [1]. However, 
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POLARIZAT ION CURVES FOR OXYGEN REDUCTION 
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EappL vs SCE(V) 
Fig. 9. Partial current density plot for the parallel mechanism for the 
case where a hump is formed. Simulation parameters: io~,r~ = 2.0 • 
10 -1~ A/cm 2, ~c~ = 1.00, io2,,er = 1.0 • 10 -s A/cm ~, ~c2 = 1.20, io~.~r 
= 1.0 • 10 -1~ A/cm ~, ct~ = 0.15,  ~ = 3600 rpm. 
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as the potent ia l  increases,  the f ract ion of O2 reduced  by 
react ion [1] attains a max imum and then decreases very 
rap id ly  whi le  the propor t ion  reduced  by react ion [2] in- 
creases steadi ly.  The combined  ef fect  of the two pro- 
cesses leads to a depress ion  in the polar izat ion curve  in 
the in termediate  potent ia l  region result ing in the hump.  
SUch po lar izat ion curves  have been observed  exper i -  
menta l ly  (26). 
Parallel mechanism with peroxide decomposition 
(comprehensive model).-- 
02+2H20+4e =4OH-  
O~+H~O+2e =HOc+OH-  
HO2- + H20 + 2e- = 3 OH- 
P pHO2 =~O2+pOH-  
In order to determine the effect of perox ide decompo-  
s i t ion on the overal l  k inet ics ,  the k inet ic  parameters  
were  chosen  so that  the perox ide  route  wou ld  prevai l  
over  the d i rect  4e- route.  F igure  10 shows the effect  of 
perox ide decompos i t ion  on the overal l  k inet ics with the 
perox ide  regenerat ive  react ion assuming  a half-, first-, 
and second-order  k inet ics ,  respect ive ly .  An enhance-  
ment  of the  l imi t ing current  is observed  in the low and 
in termed ia te  potent ia l  reg ions  (cf. Fig. 5). The rate con- 
stants for the regenerat ive react ion were chosen to show 
c lear ly  the ef fect  of the ind iv idua l  rate express ions  on 
the overal l  kinetics. It must  be emphas ized that, in gen- 
eral, each rate express ion  exhib i ts  the same pattern  of  
behav ior  on the polar izat ion curves. That is, at very low 
values of kn, pract ical ly no not iceable ffect on the polar- 
izat ion curves  is observed,  but  an enhancement  of  the 
,~ -4.o 
~ -2.o 
/ 
0.0 = _ . . /  i 
o.o -0.4 
9 p=2.0, kh=l .0x l02cm4/mol -s  
p=l.0, kh=l .0x l0-2cm/s  
6 1/2 L/2 p=l/2, k~=5.0xl0- mol  / cm 
a p=O.O, kh=O.O 
r B 
1.8 -O.8 
Eappl" vs  SCE(V) 
Fig. 10. 02 reduction to OH-  via the parallel mechanism with HO2- 
regenerative reaction. Simulation parameters: iol,ref = 1.0 • 10 -~2 
A/cm 2, ~1 = 1.00, io2.r~f = 1.0 • 10 8 A/cm 2, ~2 = 1.20, io3.r~f = 1.0 
• 10 ~2 A/cm 2, ~3 = 0.15,  I I  = 3600 rpm. 
2.4 
2.0 
~Eo 1.6 
1.2 
0.8 
0.4 
- -  HO~'product ion  by eq. [2] 
9 - - - .  net  HO;  product ion  
........ e lec t ro ly t i c  decompos i t ion  o f  HO'~ by eq. [3] 
0,O 
0.O -0.3 -0.6 -o.g -1.2 -1',6 -1.8 
Eappl" YS SCE(V) 
Fig. 11. Production of peroxide in the absence of catalytic decompo- 
sition of peroxide. Simulation parameters: io2.re~ = 1.0 • 10 -8 A/cm 2, 
arc2 = ] .20,  io3;ref = 1.0 • 10 12 A/cm 2, c~c. ~ = 0.15,  ,0, = 3600 rpm. 
l imi t ing  current  f rom the 2e process  to the 4e process  
becomes  apparent  as k,, becomes very large. 
Peroxide production: 02 + H20 + 2e = H02 + OH-.-- 
Hydrogen perox ide  is an impor tant  industr ia l  chemica l  
that can be produced by the electrolyt ic reducton of oxy- 
gen. Ber l  (27) was the first to real ize the preparat ion  of 
hydrogen perox ide at technical ly  feasible current  densi- 
t ies on act ive carbon e lectrodes.  However ,  a t tempts  to 
p roduce  hydrogen perox ide  economica l ly  by this pro- 
cess have not  been successfu l .  Never the less ,  a t tent ion  
remains focused on the practical  uti l ity of this techn ique 
(2, 8). The desired react ion for the preparat ion of perox-  
ide by the reduct ion  of 02 is react ion [2] and the occur-  
rence of  this react ion has been establ ished on some car- 
bon electrodes (27). However ,  because of the complex i ty  
of the oxygen react ion,  unwanted  side react ions do oc- 
cur. In this sect ion we s imulate the product ion of hydro- 
gen perox ide by this techn ique and examine  the effect of 
the side react ions on the product ion process. 
In Fig, 11, the plain solid curve represents  the produc- 
t ion rate of perox ide in the absence of unwanted  perox-  
ide decompos i t ion  reactions. But  as shown by the dotted 
curve,  the perox ide  can undergo  fur ther  e lectro lyt ic  re- 
duct ion  by react ion [3] par t icu lar ly  at h igher  over- 
potentals.  The net effect is a reduct ion in the overal l  pro- 
duct ion  rate of perox ide  as ind icated by the sol id curve  
with the solid circles. The max imum product ion rate oc- 
curs in the vic in i ty of -0 .4V vs. SCE, and in practice, this 
is the region in which the appl ied potent ia l  should be set. 
Another  unwanted  react ion wh ich  prov ides  a much 
greater p rob lem in the preparat ion of hydrogen perox ide 
by this techn ique is react ion [4]. The explanat ion for this 
can be attr ibuted to the fact that this react ion is consider-  
ably  cata lyzed by a var iety  of both  homogeneous  and 
heterogeneous  catalysts inc luding some impur i t ies  pres- 
ent in the react ion system. The dash curve in Fig. 12 rep- 
__  H0~ product ion  by eq. [2] 
2.5 . . . .  cata lyt ic  decompos i t ion  of H0~ by eq. [4] 
........ e lectro lyt ic  decompos i t ion  o f  H0~ by eq. [3] 
~_~ net  H0~ product ion  
o.5 
o.0 o.o -0.3 -0.6 -0.9 -1.2 -1.5 -1.8 
E ppL vs  SCE(V) 
Fig. 12. Production of peroxide in the presence of catalytic decompo- 
sition of peroxide. Simulation parameters: io2,rer = 1.0 • 10 -8 A/cm 2, 
at2 = 1.20, io3,ref = 1.0 • 10 12 A/cm 2, c%3 = 0.15,  ~ = 3600 rpm. 
2.O 
1.5 
Downloaded 13 Jun 2011 to 129.252.106.227. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
1098 J. Electrochem. Soc.: ELECTROCHEMICAL  SC IENCE AND TECHNOLOGY May 1987 
resents the rate of peroxide decomposit ion by reaction 
[4]. This decomposit ion reaction generates O2 which is 
recylced and reduced again to peroxide, leading to an en- 
hancement in the peroxide production rate as indicated 
by the solid curve. The net peroxide production rate, 
however, is considerably ower as a result of the loss of 
peroxide by reaction [4]. 
Summary 
A general model that can be used to simulate the polar- 
ization curves of 02 reduction in alkaline lectrolytes has 
been presented. The nature of the curves demonstrates 
the complexity of the 02 reduction reaction. The cata- 
lytic regenerative r action enhances the polarization 
curves in the potential region where peroxide is pro- 
duced. The hump that is sometimes observed in the po- 
larization curves for 02 reduction can be attributed to the 
competit ion for the 02 species at the electrode surface 
between the direct 4e- process and the consecutive 2e- 
process. 
LIST OF SYMBOLS 
ca concentration f species i, mol/cm 3. 
Di diffusion coefficient of species i, cm2/s 
DR diffusion coefficient of l imiting reactant, cm2/s 
F Faraday's constant, 96,487 C/mol 
ij local current density due to reaction j, A/cm 2 
io,j exchange current density due to reaction j at sur- 
face concentrations, A/cm ~ 
ioj.re~ exchange current density due to reaction j at refer- 
ence concentrations; A/cm 2 
i total current density, A/cm 2 
m number  of charge transfer eactions at electrode 
surface 
flux of species i, mol/cm2/s 
number of electrons transferred in reaction j 
reaction order with respect to catalytic decomposi- 
tion of HO2- 
universal gas constant, 8.314 J/mol/K 
homogeneous rate of consumption of species i in 
bulk solution, mol/s 
r~ catalytic rate of decomposition of HO2- at the elec- 
trode surface, mol/cm2/s 
s~j stoichiometric coefficient of species i in reaction j 
T absolute temperature, K 
Uj theoretical open-circuit potential, V
Uj ~ standard electrode potential for reaction j, V 
y distance from electrode surface into electrolyte, 
cm 
Greek 
(~aj anodic transfer coefficient for reaction j 
~cj cathodic transfer coefficient for reaction j 
8D diffusion layer thickness, cm 
Po pure solvent density, kg/cm 3 
(I) potential in the solution, V
(I)met potential of working electrode,V 
~j overpotential of reaction j corrected for ohmic 
drop in the solution and measured with respect to a 
reference lectrode of a given kind in a solution at 
the reference concentrations, V 
kinematic viscosity, cm2/s 
dimensionless distance from electrode surface 
rotation speed of electrode, rad/s 
reaction order of species i in reaction j 
Ni 
nj 
P 
R 
Ri 
'YiJ 
Subscripts 
o at the electrode surface 
j reaction, j 
re reference lectrode 
ref reference conditions 
co in the bulk solution 
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